Polymer and nanomaterial composites, known as nanocomposites, are advanced materials that have many potential applications. One type of thin-film nanocomposite is a polymer-carbon nanotube (CNT) nanocomposite, whose properties are strongly dependent on the uniformity and alignment of CNTs in the nanocomposite. However, the control of CNT alignment in these nanocomposites is still difficult to achieve. Here, we propose a facile single-step method, a capillary flow intrusion method, to fabricate uniform polymer nanocomposite thin films of vertically aligned (VA) single-/multi-walled CNTs that range from 15 to 300 m in thickness. Raman scattering spectroscopy and polarized Raman spectroscopy measurements, and cross-sectional scanning electron microscopy (SEM) observations confirmed that the polymer was uniformly infiltrated into VACNTs, such that the alignment of CNTs in the nanocomposite was preserved and there were no excess portions of the polymer.
Introduction
Aligned carbon nanotubes (CNTs) with exceptional physical properties have garnered attention as fillers in polymer nanocomposites for various applications.
1)
Polymer-aligned CNT composites are strongly reinforced in terms of their mechanical properties and they are used as advanced surface materials in aircraft.
2) The high thermal conductivity of CNTs makes polymer-CNT nanocomposites a potential solution for the thermal management of micro-/nanosized electronic devices. 3, 4) Thin films of polymer-aligned CNT nanocomposites are a particularly important material, for which several fabrication methods have been proposed. 2, 5) Although these methods provide polymer-CNT nanocomposites, the composites are not uniform and they generally include an excess portion of a polymer that contains few CNTs and thus degrades the physical properties of the nanocomposite. Removal of the excess portions in the case of thin films is difficult; therefore, a fabrication process that do not cause the formation of these excess portions is required.
2)
The orientation of the CNTs in polymer nanocomposites is also crucial with respect to the enhancement of the mechanical 5) , thermal 6) , and electrical 7) properties. Although the sonication technique is widely used for the dispersion of CNTs in polymers 8, 9) , it is available only for low concentrations of CNTs in polymers, and it results in the random orientation of the CNTs. In addition, it is difficult to uniformly disperse a high volume fraction of CNTs in a polymer 10) due to the formation of bundle structures.
11)
Although Kimura et al. 12) employed a strong magnetic field to align CNTs dispersed in solution to take advantage of their exceptional anisotropic physical properties, alignment with a magnetic field is also only available for low concentrations of CNTs.
Without dispersion treatment, Wardle et al. 10) utilized capillary-induced wetting of 4 epoxy into vertically aligned CNTs (VACNTs), whose lengths ranged from hundreds of micrometers to a few millimeters. This method also results in a nanocomposite that contains uniform and highly aligned CNT forests in a high volume fraction. However, this method was limited to thick VACNT films, and it is difficult to reduce the film thickness without degradation of the CNT alignment by polishing 2) or the frame for polymer casting. 13) Polydimethylsiloxane (PDMS) is one of the most frequently adopted polymers for the production of nanocomposites with CNTs due to its nontoxicity, flexibility, thermal stability, and biocompatibility. In particular, PDMS is the most attractive candidate polymer for flexible electronic device applications. 5, [13] [14] [15] PDMS nanocomposites that contain CNTs have been studied to fully utilize the advantages of both CNT and PDMS with respect to the fabrication process 5) , enhancement of physical properties [16] [17] [18] , and the design for micro-and nanofluidic devices. 19) In this study, a single-step facile method, which is referred to as the capillary flow intrusion method, is proposed for the fabrication of uniformly well-infiltrated PDMS-CNT nanocomposites. VA single-and multi-walled carbon nanotubes (SWNTs and MWNTs) films with thicknesses ranging from 15 to 300 m were fabricated by the capillary flow intrusion method. Raman scattering spectroscopy, polarized Raman spectroscopy and cross-sectional scanning electron microscopy (SEM) observation were then carried out to characterize the infiltration of the polymer, preservation of the CNT orientation, and the uniformity of the nanocomposite. The results reveal that the capillary flow intrusion method enables uniform PDMS infiltration into the entire film maintaining the alignment of CNTs. VACNT nanocomposites were fabricated using a liquid-state PDMS premixture (Dow Corning, Sylgard 184). The agent and the base of the PDMS were mixed at a weight ratio of 10:1 and ultrasonicated for 10 min, followed by degassing in a vacuum chamber to remove any trapped air bubbles. The detailed structure of the PDMS-VASWNT nanocomposite films was characterized by resonance Raman spectroscopy (Chromex 501is spectrometer with Andor DV401-FI CCD camera) with an excitation laser wavelength of 488 nm and an intensity of 30 W using a 50 objective lens to achieve a laser spot diameter of ca. 1.5 m. The intensity change of the G-band and PDMS peaks were compared. To evaluate the alignment of CNTs in the nanocomposite, polarized Raman spectroscopy was performed. The polarization directions of both the excitation laser and the scattered light was set parallel to the vertical alignment direction of the CNTs, and the decrease in the G-band intensity was investigated as a function of polarization angle from 0 to 90 by sample rotation. with a wide range of thicknesses (from 15 to 300 m), and the thicknesses of the nanocomposite films were identical to those of the as-grown VACNTs.
The detailed structure of PDMS in the VASWNT composite films was investigated by scanning a cross section of the nanocomposite by Raman spectroscopy.
The excitation laser spot for Raman scattering measurements was scanned along the axial direction of the VASWNTs. In addition to the infiltration of the polymer, the orientation of CNTs in the PDMS matrix plays an important role in enhancing the physical properties of the nanocomposite due to the anisotropic structure of CNTs. [5] [6] [7] Thus, the vertical alignment of the CNT forest with preservation of the as-grown morphology in a PDMS matrix can realize optimal performance as a nanocomposite. The alignment of the VASWNTs in the nanocomposite films was thus examined by polarized Raman scattering spectroscopy. shows that the intensity of the G-band decreases with increasing  from 0 to 90. Because we expected the increase in thermal conductivity, we are planning to measure the thermal conductivity of the nanocomposites by the 3ω method. The 3ω
technique is used to provide accurate and reliable measurements of the thermal conductivity of thin films where a thin metal wire is deposited on a nanocomposite to function both as a resistive heater driven with AC current at the frequency ω and as a resistance temperature detector. For better understanding of each fabrication step and the thermal property of the nanocomposite, the results of the measurement of thermal conductivity will be discussed in the future.
Mechanism of the capillary flow intrusion method
In this section, the mechanism of polymer infiltration into the VACNTs is discussed. To 
where l, t, and  are the penetration distance, time, and dynamic viscosity of the fluid, respectively. r, , and , correspond to the radius of the cylinder, the surface tension, and 
The flow rate of PDMS can be estimated from Eq. (2). r, , and  of PDMS are 26 nm 24) , 0.0251 N/m 25) , and 5 Ns/m 2 , respectively. On the other hand, the rate of the flow of liquefied PDMS was measured to be approximately 2.5 mm/s. The rate of PDMS flow was much higher than that of the capillary flow due to high viscosity of PDMS; therefore, once PDMS uniformly covered the top surface of the VACNT forest, capillary flow along the tube axis then occurred.
CNTs are attracted by surface tension, as shown in Fig. 7 , and they were balanced, so the structure of the VACNTs did not collapse. The wettability of a fluid is also an important factor for the structural preservation of VASWNTs. The contact angle of PDMS is close to 0 26) , which enables the wetting of nanotubes. Although capillary flow rate and wettability are important in the infiltration process, shrinkage of the polymer also determines the structural preservation of CNTs. PDMS shrinks by less than 1% during the polymerization process. 27) Although polyvinyl alcohol (PVA) has a similar viscosity to PDMS, its volume shrinks significantly during the drying process 28) ; therefore, it is difficult to avoid structural changes of the CNTs in PVA composites.
In addition, we have measured thermal conductivity of the nanocomposites to specify the expectation of enhancement to take their anisotropic advantage, and the obtained results will be revealed next publications. Proposed mechanism of PDMS infiltration into CNTs. Capillary flow of PDMS occurs together with a balanced force that acts on each nanotube and leads to a stable structure without collapse due to the high viscosity of PDMS.
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